macroscopically clotted fabric being thrombolites (Riding, 2000) .
Evidence of stromatolites in carbonate rocks has been found throughout the geological record, with some putative examples appearing as early as 3.7 Ga in the Isua Greenstone belt of Greenland (Nutman, Bennett, Friend, Van Kranendonk, & Chivas, 2016) and ~3.5 Ga in the Pilbara Craton of Australia and the Barberton Greenstone Belt of South Africa (Allwood, Walter, Kamber, Marshall, & Burch, 2006; Van Kranendonk, Webb, & Kamber, 2003; Walsh, 1992) . Given their strong association with microbial activity, these ancient formations are thought to provide the oldest known evidence for life on Earth.
The depositional environment for stromatolites is often considered "extreme" in terms of salinity, temperature, or both (Burns, Goh, Allen, & Neilan, 2004; Grey, Moore, Burne, Pierson, & Bauld, 1990; Pepe-Ranney, Berelson, Corsetti, Treants, & Spear, 2012) , although examples at marine salinities abound in ancient deposits (e.g., Grotzinger and Knoll, 1999) and can still be found forming today (Reid, Foster, Radtke, & Golubic, 2011) . Furthermore, the number of sites in near-ambient temperature freshwater is also growing, of which the Laguna Bacalar microbialites are one example. Studying the formation mechanisms, microbial ecology, and growth of modern microbialites provides substantial insight into the processes that formed the stromatolites and thrombolites preserved in the geological record.
Modern microbialites have been extensively studied using lipid biomarker analysis, gene sequencing, isotopic analysis, growth experiments, and microelectrode measurements from a wide range of sites, including Shark Bay in Western Australia (Allen, Neilan, Burns, Jahnke, & Summons, 2010; Goh et al., 2009; Grice et al., 2014; Ruvindy, White, Neilan, & Burns, 2015; Wong, Smith, Visscher, & Burns, 2015; Wong et al., 2017) , the Bahamas (Andres & Pamela Reid, 2006; Baumgartner et al., 2006; Dupraz, Fowler, Tobias, & Visscher, 2013; Mobberley et al., 2015; Paerl, Steppe, & Reid, 2001; Reid et al., 2000; Visscher et al., 1998) , Yellowstone National Park USA (Jahnke et al., 2004; Osburn, Sessions, Pepe-Ranney, & Spear, 2011; Pepe-Ranney et al., 2012) , Pavilion Lake in British Columbia Canada (Brady, Laval, Lim, & Slater, 2014; Russell et al., 2014; White et al., 2016) , the Antarctic McMurdo Ice Shelf (Jungblut, Allen, Burns, & Neilan, 2009) , and Alchichica, Mexico (Breitbart et al., 2009; Couradeau et al., 2011) . The study of modern microbialites enhances our understanding of ancient analogs by connecting explicit biosignatures such as DNA and RNA sequences and aqueous geochemistry to those that are preserved over geologic time such as carbonate morphology and lipid biomarkers.
Lipid biomarkers can be preserved in the rock record for billions of years, providing a bulk signal of biological contributions in a given sedimentary environment while simultaneously carrying biochemical information about the micro-organisms that synthesized them.
For example, Precambrian biomarkers attributed to cyanobacteria and eukaryotes have been found prior to the Great Oxidation Event (Dutkiewicz, Volk, George, Ridley, & Buick, 2006) although potential contamination from younger sources remains a constant concern (Rasmussen, Fletcher, Brocks, & Kilburn, 2008) . Specific lipids can be diagnostic of particular microbial phyla, thereby providing a measure of microbial diversity as well (Perry, Volkman, Johns, & Bavor, 1979; Summons, Jahnke, Hope, & Logan, 1999; Taylor & Parkes, 1985) .
Lipid analysis of microbial mats from Shark Bay and numerous hot springs has drawn attention to the relatively high microbial biodiversity of modern microbialites (Allen et al., 2010; Grice et al., 2014; Jahnke et al., 2004; Shiea, Brassel, & Ward, 1991) . While not all lipids are diagnostic, pairing lipid analysis with DNA sequencing sheds light on microbialite biodiversity and the relationship between microbial species and lipid production.
| Laguna Bacalar microbialites
Laguna Bacalar (LB) is a freshwater lake on the southeastern edge of the Yucatán Peninsula and hosts large and numerous microbialites.
Although cenotes, lakes, and other carbonate-rich waters are ubiquitous features in the Yucatán, LB is to date the only reported site with a population of microbialites on the peninsula. The LB microbialites are large carbonate mounds ranging in diameter from decimeters to meters, shaped via calcium carbonate (CaCO 3 ) precipitation, microbial grazing, and the trapping and binding of detrital grains (CastroContreras et al., 2014) . This depositional environment differs from many modern microbialite-containing sites as it is freshwater at ambient temperature and has relatively high levels of sulfate measured between 1,038 and 1,374 mg/L (Pérez et al., 2011; Perry, VelazquezOliman, & Marin, 2002) .
Previous work on LB microbialites documented cyanobacterial populations based on morphological measures, described general morphology of the microbialites themselves at the macroscale, and suggested several possible formation mechanisms linked to biological promotion of CaCO 3 precipitation via oxygenic photosynthesis (Castro-Contreras et al., 2014; Gischler, Golubic, Gibson, Oschmann, & Hudson, 2011) . The majority of microbialites at LB are located on the western shelf in the south side of the lake, an area with relatively elevated CaCO 3 saturation (Gischler et al., 2011) . We hypothesize that the combination of carbonate-rich water (as measured by Gischler et al. 2011 ) and phylogenetic diversity supports microbialite formation at LB. Here, we combine microscale carbonate morphology observations with lipid analyses, the first report of high-throughput DNA sequencing from this site, and comparison with a local mangrove root agglomeration growing under the same conditions to more rigorously characterize the role of microbes in formation of LB microbialites.
| BACKG ROUND AND ME THODOLOGY

| Geological/hydrogeological context
LB is found in the southeast of the Yucatán Peninsula (Figure 1a) , the subaerially exposed portion of the ~300,000 km 2 Yucatán carbonate platform. LB is located ~120 km from the eastern margin of the platform and runs broadly 50-60 km inland and parallel to the modern coastline. The bedrock of the Yucatán is primarily limestone and dolomite, but includes extensive Cretaceous sulfate minerals (anhydrite, gypsum, and celestite) that have been reworked into the brecciated ejecta blanket of the Chicxulub impact crater (Ocampo, Pope, & Fischer, 1996; Pope et al., 2005) . The area of Bacalar is characterized by the sulfate-rich Albion Formation, which is also commonly called the Evaporite Terrain (Perry et al., 2002; Perry, Paytan, Pedersen, & Velazquez-Oliman, 2009 ).
The Lowland Plain of the Yucatan Peninsula is heavily karstified, with dissolution of the bedrock leading to extensive cave systems and thousands of sinkholes (locally called cenotes; Beddows, 2003; Beddows, Blanchon, Escobar, & Torres-Talamante, 2007 (Beddows, Smart, Whitaker, & Smith, 2007) .
Two fault systems are prominent on the Yucatan Peninsula.
Rio Hondo Fault/Holbox Fracture Zone (HFZ) extends from nearly 300 km offshore NNE of Cancun and southward into the Maya
Mountains in Belize and Guatemala (Bauer-Gottwein et al., 2011; Weidie, 1982 Weidie, , 1985 . In the field area, the HFZ is seen in the sharp and straight NNE headward shore of the Bay of Chetumal and also the parallel NNE orientation of LB basin that spans over 50 km in length but with an area of only roughly 3.1 km 2 (Bauer-Gottwein et al., 2011; Castro-Contreras et al., 2014; Figures 1b, 2a) . The second significant fault system is the Sierrita de Ticul, which is a normal thrust fault running NW but is now appreciated to hinge and then trend NNW with an intersection close to the northern tip of LB (Perry et al., 2009) .
No detailed bathymetry of the lake basin is known to exist although the basin depth is up to 10 m deep and often shallower.
LB is ~1.5 m above sea level with no natural surface connections to the ocean (Perry et al., 2002) , although cut channels now allow for navigation out of the basin. Five open water cenotes are on the west bank of the south half of the lake. Xul Ha, the largest, defines the southern terminus and four others cluster over 3 km all just south of the town of Bacalar (Figure 1b ). Cenote Azul is separated from the lake by ~50 m of land, and divers report excellent visibility and groundwater emerging into it to the max depth of 70 m.
Two other cenotes have lesser visibility and no apparent flow, with max depths of 35 and 48 m (Bowen, 2001) . A natural northward current indicates that Cenote Xul-Ha is a significant source of groundwater (Gischler, Gibson, & Oschmann, 2008) . In addition to groundwater, abundant meteoric precipitation (~1,370 mm/ year) provides recharge to the lake (Castro-Contreras et al., 2014; Gischler et al., 2011) .
Point measurements (Perry et al., 2002 (Perry et al., , 2009 Pérez et al., 2011) show that the LB surface waters are ambient for this region at 27-30°C, fresh at 1.2-2.5 mS/cm, oxic at 7.9 mg/L DO, and alkaline with pH of 7.7-7.8 and bicarbonate of 165 mg/L. The lake is considered oligotrophic based on low NO 3 − concentrations (Perry et al., 2002) and exceptional water transparency of 10+ m (Pérez et al., 2011) , although phosphorous concentration is unknown. Cenote Azul is more alkaline with bicarbonate of 250-280 mg/L, but lower pH of 7.4-7.7, consistent with recently emergent groundwater. Profiles in Cenote 
| Site characterization
Samples and corresponding site metadata were collected in March 2015. We surveyed dense microbialites on both the west and east shelves of the lake at our sampling location (Figure 1c -e). Lake water pH, temperature, and conductivity were measured using an Ultrameter II (Myron Co). Samples of a microbialite and shelf Gischler et al. (2008) , Pérez et al. (2011 ), Perry et al. (2002 ), and Stoessell, Ward, Ford, and Schuffert (1989 , Stoessell, Moore, and Coke (1993) , Cervantes-Martínez, Mezeta-Barrera, and Gutiérrez-Aguirre, sediment from each side of the lake as well as a mangrove root agglomeration (MRA; Figure 1e ) from the west side of the lake were collected for lipid analysis, DNA sequencing, and microscopy in combusted 50-ml glass vials, sterile 15-ml conical tubes, and clean 15-ml glass vials, respectively. Sterile 50-ml conical tubes were used to collect push cores of microbialites. In addition, a large diameter (7.6 cm) sediment core was collected vertically through a decimeterscale microbialite on the eastern shelf of LB. The core was extruded, split, described, and subsampled within twenty-four hours of collection. No samples were retrieved from the middle of the lake as the depth was consistently >7 m, outside of our freediving capabilities ( Figure 3c ). All samples were kept either refrigerated for microscopy, or frozen for lipid and sequencing analysis, for 5 days prior to return to the laboratory. Once in the laboratory, samples were stored at −80°C for DNA extraction, −20°C for lipid analysis, or 4°C for all other samples. See Table 1 for sample descriptions.
| Lipid analysis
Frozen samples were lyophilized and then homogenized using a solvent-washed mortar and pestle. Lipids were extracted from homogenized sediments using a modified Bligh and Dyer extraction procedure (Bligh & Dyer, 1959; Schubotz et al., 2011) . In short: 5 g of sediment was sonicated (10 min) in turn with 19 ml 1:2:0. analysis. Elemental sulfur was removed from the lipid extracts by passing through clean activated copper columns. Lipid extracts were separated into alkane, ketone, alcohol, and fatty acid fractions using solid-phase extraction (SPE) with 0.5 g aminopropyl stationary phase and hexane, 4:1 hexane: DCM, 9:1 DCM: acetone, and 2.5% formate in DCM sequential eluents. Alcohols were derivatized using 50 μl acetic anhydride and 50 μl pyridine incubated at 70°C
for 20 min in 1 ml DCM. Fatty acids were derivatized to fatty acid methyl esters (FAMEs) with 100 μl BF3-methanol and incubated at 70°C for 10 min, followed by extraction with hexane 3× and drying over combusted anhydrous sodium sulfate. Palmitic acid isobutyl ester (PAIBE) was added in known quantities to each sample as an internal standard.
All lipid fractions were identified and quantified via gas chromatography-mass spectrometry (GC-MS) using a Trace GC Ultra equipped with a flame ionization detector (FID). Two microliters of each extract was introduced into the GC-MS using a ZB-5 GC column (30 m × 0.53 mm × 1.50 μm) using pulsed splitless injection with He as the carrier gas at 1.2 ml/min. Oven temperature was held at 100°C for 1 min, ramped at 6°C/min to 320°C, and held for FAMEs are identified by carbon number preceded by "i-" and "a-," respectively.
| DNA analysis
DNA was extracted from ~0.2 g of microbialite sediment using MoBio PowerSoil extraction kits following the manufacturer's instructions. Recovered DNA was quantified using Quant-iT PicoGreen dsDNA assay (Invitrogen). 16S rRNA genes from each sample were amplified by the polymerase chain reaction (PCR) using a primer set (515F-806R) targeting the V4 region of these gene in both bacteria and archaea (Bates et al., 2011; Caporaso et al., 2011) .
These primers were barcoded to allow for sample multiplexing on the Illumina MiSeq (Caporaso et al., 2012) . PCRs were carried out using 5 PRIME MasterMix (Gaithersburg, MD). PCR conditions used an initial denaturation step of 95°C for 3 min followed by 35 cycles of 95°C for 30 s, 55°C for 45 s, then 72°C for 1.5 min and finalized by a single extension step of 72°C for 10 min. Pooled product for each sample was then quantified using the PicoGreen assay.
Primer dimers were removed using the UltraClean PCR Clean-Up Kit Facility at Argonne National Laboratory following procedures described in Caporaso et al. (2012) . Replicate samples extracted using a phenol:chloroform-based extraction protocol (Flynn, Sanford, & Bethke, 2008) were sequenced using the same pipeline and showed very similar community profiles (data not shown), indicating that the relative proportions of different taxa are reproducible across homogenized samples.
A total of 179,940 paired-end sequences were generated (19,993 ± 4,756 per amplicon library) and then merged followed by downstream processing using qiime version 1.9.1 (Caporaso et al., 2010) . Paired-end reads were joined using PEAR (Zhang, Kobert, Flouri, & Stamatakis, 2014) . Poor-quality sequences were discarded based on primer mismatches, Phred quality score, and divergence from expected amplicon length (253 base pairs) using qiime's default settings (split_libraries_fastq.py). Operational taxonomic units (OTUs) at 97% similarity were chosen de novo using the UCLUST algorithm as implemented in qiime. Singleton OTUs (those with only a single representative sequence across all samples) were discarded. Representative sequences from each OTU were aligned using PyNAST (Caporaso et al ., 2010) , and taxonomic information was assigned to each using GreeNGeNeS (version gg_13_8) (Edgar, 2010; McDonald et al., 2012) . Raw sequence data are publicly available to download through mG-rAST (Meyer et al., 2008) under project number MGP81099. Statistical analyses were performed in mATlAb version R2014b (Mathworks, Inc).
| RE SULTS
| Lake survey
We surveyed lake characteristics, microbialite distribution, and basic geochemical parameters in the area indicated in Figure 3 . In this subsection of LB, mangrove forests populate both the western and eastern shorelines, although on the eastern shore, mangroves are separated from the lake's edge by a marshland ranging from meters to 10s of meters in width. On the western shoreline, the mangrove forests buttress the lake and their roots extend directly into the lake water. Both lake margins are characterized by shallow rimmed shelves extending 0.5-5 m from shore. The location of these shelf rims ranges from centimeters below the water surface to subaerially exposed. The shelf pools are >20 cm deep in places at the time of sampling in March and mantled with unconsolidated, burrowed sediment with small, gastropod-encrusted microbialite domes. Lakeward from the shelf, water depth gradually increases to >7 m at the center ( Figure 3c ).
The electrical conductivity of lake surface water ranges from 2,153 to 2,213 μS/cm. Water temperature ranges from 28.4°C to 30.6°C (Figure 3a) , increasing from the southern end to the northern end of the study area. This corresponds to a northward decrease in pH ( Figure 3b ). The pH ranges from a high of 7.7 at the southern end of the study area to below 7.4 at the northern end. We observed no similar variation in conductivity. The highest temperatures were recorded on the western lake margins. The top of the core from the eastern shelf has two distinct laminae-an outermost layer 0.5-1.0 cm thick with a spongy orange texture underlain by a fibrous green layer an additional 0.5-1.0 cm in thickness. These laminae overlay fine-grained tan sediment that is interspersed irregularly with gray, white, and brown laminae and pores ~1-2 mm in diameter (Figure 4d ). This sediment varies from unconsolidated carbonate sand to lithified carbonate boundstone.
| LB microbialites
The core terminates at an indurated layer at depth in the microbialite.
Microscopic analysis of the orange laminae at the time of sampling revealed filamentous cyanobacteria, cyanobacterial sheaths, diatoms, and calcite sediment (Figure 4c-e) . Some, but not all, of these sheaths are calcified (Figure 4e ). The presence of grazing nematodes was noted shortly after sampling. The green layer also has cyanobacteria and calcified sheaths but is more fibrous due to the presence of filamentous algae. Masses of living bivalves (Dreissena Because the mangrove forests are meters to 10s of meters from the lake's eastern edge, no sample was obtained from the east side mangrove roots.
| Lipid distributions
Total lipid concentrations ranged from 5 to 39 ng/g across samples.
Total concentrations in MRA are 5-10 times greater than all other samples. In microbialite and sediment samples, total FAs and hydrocarbon concentrations (Table 2) range from 1-5 to 2-4 ng/g, respec-
tively. Other lipids were also quantified, including three hopanoids, butylated hydroxytoluene, phytadiene, and phytol. Phytadiene is the most abundant lipid in three of the microbialite samples (LB1C, LB2E, and LB2F).
| Hydrocarbons
The hydrocarbon fraction (Figure 5a ) of the total lipid extracts (TLE)
consists of straight-chain saturated, branched saturated, and mono- Total FA and total lipid concentrations (Table 2) in eastern shelf sediment (LB2 C) are 2 and 7 ng/g sediment lower than the average concentrations, 10 and 12 ng/g sediment, respectively, of the eastern microbialite (LB2 E, LB2F, LB2G). On the west side, LB1 A has slightly lower total FA and total lipid concentrations (1 and 5 ng/g sediment, respectively) compared to the average concentrations of the western microbialite (2 and 6 ng/g sediment, respectively). LB1 E has higher total FA and total lipid concentrations (4 and 13 ng/g sediment) than the western microbialite and LB1 A.
| Fatty acids
MRA has the highest total FA concentration (39 ng/g) of all samples, and some of the highest concentrations of short-chain saturated FAs. 14:0 and 16:0 comprise 41% of total FA. Additionally, 16:1 and 18:0 are 17% and 13% of total FA. MRA has the highest proportion of monounsaturated FAs (30%) and the highest concentrations of both even long-chain and odd-chain FAs of all samples.
| Other biomarkers
In addition to hydrocarbons and FAs, we also identified three hopanoids, phytol, and phytadiene in some samples (Table 2) Phytadiene is detected in all analyzed samples, at concentrations up to 5 ng/g (eastern microbialite). Phytadiene is produced from phytol, an ester-linked side chain of chlorophyll a by either anaerobic diagenesis (Grossi et al., 1998) or in the laboratory by spontaneous loss of the hydroxyl group during drying (Grossi et al., 1996) . Phytol was found in four of nine samples.
| Microbial diversity
The relative abundance of specific microbial phyla in LB microbialites and sediment is shown in Figure 6 . Proteobacteria abundance). These account for only <0.9% and <1.4% of total reads in microbialite and sediment samples, respectively.
The phyla Acidobacteria, Nitrospirae, Spirochetes, and Candidate Division OP8 were detected in the microbialites and shelf sediment but not in MRA. Archaea were also not detected in MRA. In the microbialites, archaea account for 0.5%-4.5% of total abundance, whereas in shelf sediments, they account for 0.3%-4.0% of total abundance.
| D ISCUSS I ON
This is the first report to analyze both lipid biomarkers and DNA sequencing data concomitantly from microbialites in Laguna Bacalar.
Our data show these microbialites host a microbial community far more diverse than the cyanobacteria-dominated mats described previously. We hypothesize that in addition to cyanobacteria, sulfate-reducing bacteria (SRB) also influence microbialite formation and contribute to spatial variation of phylogenetic diversity in microbialites on the east and west sides of the southern extent of LB.
Lipid biomarkers track these changes in microbial diversity, which we hypothesize are driven by lake morphology and spatial variations in the geochemistry of lake water (e.g., temperature, pH).
| Oxygenic photosynthesis
Oxygenic photosynthesis consumes inorganic carbon leading to a local increase in pH. If the saturation state of carbonate is sufficiently high in the surrounding waters, this increase will induce precipitation of carbonate minerals such as calcite (Baumgartner et al., 2006) . The presence of photosynthesizing cyanobacteria in microbialites has been documented previously and is supported here by biomarker analysis, DNA sequencing, and microscopy. Variation in the abundance of cyanobacteria and, relatedly, in the accretion rate of calcite has been hypothesized to control variation in internal lamination thickness and density of microbialites at LB (Castro-Contreras et al., 2014) . This hypothesis is supported by high carbonate concentrations (140 mg/L) in the southern portion of the lake (Gischler et al., 2011) and the ubiquitous presence of cyanobacteria sheaths throughout all depths in the LB microbialites.
Cyanobacterial taxonomy is complex and often contradictory depending on methodology. Previous studies at LB identified cyanobacteria based on morphology including Homeothrix, Leptolyngbya, Calothrix, and Scytonema (Castro-Contreras et al., 2014; Gischler et al., 2008) . Using modern DNA sequencing, we identify four cyanobacterial groups-Chloroplast, Nostocophycideae, Synechococcophycideae, and Oscillatoriophycideae-not identified previously at LB (Figure 7b ). We report chloroplast abundances as they primarily derive from photosynthetic eukaryotes (although decaying plant matter may contribute secondarily). Together, Synechococcophycideae, Nostocophycideae, and Oscillatoriophycideae account for 1.3%, 1.1%, and 0.1%, respectively, of total phylogenetic diversity at LB. FAs characteristic of cyanobacteria such as 16:2, 18:2, 18:3, and 18:4 (Kenyon, Rippka, & Stanier, 1972; Wada & Murata, 1998) are present but account for <3% of total abundance, consistent with the sequencing results. By contrast, other FAs-such as 16:0, 16:1, 18:1-account for >50% of total abundance. These FAs can be produced by cyanobacteria (Cohen, Margheri, & Tomaselli, 1995; Kenyon et al., 1972) as well as by many other organisms including 
MRA
Gammaproteobacteria and Alphaproteobacteria (Osburn, Dawson, Fogel, & Sessions, 2016) . Additionally, SRB have been shown to produce 16:1 (Dowling, Widdel, & White, 1986) , and 16:0 is ubiquitous across bacteria and eukaryotes and therefore is not diagnostic of any one organism (Taylor & Parkes, 1983) .
Although cyanobacteria account for a low relative abundance of phylogenetic diversity in LB microbialites, the cyanobacterial diversity is relatively similar to that of other freshwater microbialites. Oscillatoriophycideae are reported in other freshwater microbialites ranging from Pavilion Lake, Canada (Brady et al., 2010; White et al., 2016) to Alchichica and Cuatro Cienegas Lakes in Mexico (Breitbart et al., 2009; Couradeau et al., 2011; Nitti et al., 2012) . Nostocophycideae are also reported in microbialites of LB, Cuatro Cienegas, and Alchichica but not in the temperate Lake Pavilion microbialites. However, Synechococcophycideae are noted in LB and Pavilion Lake microbialites but not in the Cuatro Cienegas and Alchichica microbialites . Pleurocapsales are found at depth in the Alchichica, Cuatro Cienegas, and Pavilion Lake microbialites (Brady et al., 2010; Couradeau et al., 2011; Nitti et al., 2012) . The combined results of our phylogenetic, microscopic, and biomarker analysis call into question the supposed numerical dominance of cyanobacteria in LB microbialites. While DNA extraction method and primer choice can be sources of bias in 16S rRNA gene-based analyses (Feinstein, Sul, & Blackwood, 2009; Tremblay et al., 2015) , we believe these are unlikely to be the cause of the relatively low abundance of cyanobacteria in our samples.
While calcified cyanobacterial sheaths were abundant in LB microbialites, previous studies of similar systems (e.g., stromatolites, hot springs) found DNA extraction kits that include a physical disruption step (such as the MoBio PowerSoil kit used here) were quite effective at lysing cyanobacterial cell walls (Balskus, Case, & Walsh, 2011; Gaget, Keulen, Lau, Monis, & Brookes, 2017; Pepe-Ranney et al., 2012) . Primer bias against cyanobacteria or specific cyanobacterial classes is also unlikely, as a systematic evaluation of the 515F-806R primer pair (Bates et al., 2011 ) using SILVA's TestPrime tool (Klindworth et al., 2013) found that these primers matched >87% of existing 16S rRNA gene sequences classified as part of the phylum cyanobacteria in the SILVA SSU Ref NR database (Version 128; Quast et al., 2013) . Additionally, the relatively high phylogenetic abundance of cyanobacteria and FAs attributed to cyanobacteria in MRA suggests that, if present, cyanobacteria will be detected by this approach.
Apart from the cyanobacteria, the LB microbialites possess a highly diverse community of micro-organisms. These taxa span a wide array of potential metabolisms and likely influence the biogeochemistry of the microbialites. The diverse phyla observed in LB samples include a range of putative metabolisms including oxygenic photosynthesis, anoxygenic photosynthesis, aerobic and anaerobic heterotrophy, sulfate reduction, sulfur oxidation, and nitrogen metabolisms, all of which have been identified in microbialites in other locations (Allen et al., 2010; Dupraz & Visscher, 2005) .
Bacteroidetes and sulfate-reducing Deltaproteobacteria are reported F I G U R E 7 Variation in diversity of (a) known sulfate-reducing bacteria and (b) cyanobacteria including chloroplast across sample types [Colour figure can be viewed at wileyonlinelibrary.com] in microbialites at Pavilion Lake, Alchichica, and Cuatro Ciénegas (Couradeau et al., 2011; Nitti et al., 2012; Russell et al., 2014) . The Alchichica and Cuatro Cienegas microbialites also host populations of Alphaproteobacteria and Planctomycetes (Breitbart et al., 2009; Couradeau et al., 2011) . Betaproteobacteria, Deltaproteobacteria, and Gammaproteobacteria, Actinobacteria, Acidobacteria, Nitrospirae,
and Flavobacteria are observed in the Pavilion Lake microbialites (Russell et al., 2014) . The Cuatro Cienegas microbialites also host populations of Deltaproteobacteria and Gammaproteobacteria and Nitrospirae (Breitbart et al., 2009; Nitti et al., 2012) .
| Sulfate-reducing bacteria (SRB)
SRB are found in microbialites across a range of environments including hypersaline lakes (Baumgartner et al., 2006; Canfield & Des Marais, 1991; Minz et al., 1999) , shallow marine lagoons , and freshwater lakes also enriched in sulfate (Breitbart et al., 2009) . Spatial coupling of SRB, carbonate precipitation, and lithified mat layers in hypersaline microbialites and marine stromatolites suggest that sulfate reduction may in part control the precipitation and lithification of carbonate minerals (Dupraz, Visscher, Baumgartner, & Reid, 2004; .
Microautoradiography of radiolabeled organic matter in the surface biofilms of hypersaline microbialites at Highborne Cay, Bahamas, revealed close spatial relationships between CaCO 3 precipitation and SRB, which is hypothesized to promote biofilm calcification .
Sulfate reducing bacteria are observed in close proximity to cyanobacteria in oxic portions of hypersaline mats in Guerrero Negro
Lagoon, Baja California, Mexico (Baumgartner et al., 2006; Canfield & Des Marais, 1991) , and in the Bahamas suggesting tight biogeochemical cycling between the two organisms.
Cyanobacteria provide a source of organic carbon in the form of EPS and other labile organic matter that SRB then respire (Baumgartner et al., 2006; Paerl et al., 2001) . The coupling of organic carbon degradation with sulfate reduction can theoretically promote carbonate precipitation in two ways: (i) by increasing carbonate saturation and
(ii) by liberating Ca 2+ bound to the EPS via the consumption of mucilage and sheath material by SRB (Baumgartner et al., 2006) . The process by which SRB degrade EPS and other extracellular organic carbon produces HCO 3 − ions, and the resulting return to carbonate equilibrium causes an increase in alkalinity.
DNA sequencing of hypersaline microbial mats at Guerrero
Negro revealed a diverse population of sulfate-reducing groups of Deltaproteobacteria (Desulfobacteraceae, Desulfomonile, Syntrophobacteraceae, Desulfobulbaceae, and Desulfovibrionales) (Baumgartner et al., 2006) many of which are also present in LB microbialites ( Figure 7a ). Desulfobacterium and Desulfovibrio were also identified in freshwater microbialites at Pavilion Lake (White et al., 2016) . Sulfate-reducing Deltaproteobacteria are common in all LB samples except the MRA. Deltaproteobacteria comprise 13%-41% of the total relative abundance of micro-organisms at LB. The majority of phylogenetic orders of Deltaproteobacteria (Syntrophobacterales, Desulfobacterales, Desulfarculales) detected in this study are comprised primarily of sulfate-reducing bacteria. The Desulfobacterales, one of the most abundant of the Deltaproteobacteria at LB, are also known to produce branched 15:0 and 17:0 FAs (Dowling et al., 1986; Taylor & Parkes, 1983) . The presence of branched 15:0 and 17:0 FAs in these microbialites supports the presence of active sulfatereducing Deltaproteobacteria within these structures.
Sulfate reducing bacteria and other heterotrophs, which rely on organic matter produced by other organisms, could be consuming a large portion of cyanobacterial detritus and their organic lipid products at LB. SRB have been calculated to account for 30%-40% of organic carbon consumption within mats . To effectively access this organic material, SRB must live in proximity to cyanobacteria and other photosynthesizing autotrophs on the surface of the microbialites, which is consistent with the relatively high diversity of Deltaproteobacteria we observe in shelf sediment and microbialite surfaces ( Figure 5 ). Additionally, SRB account for ~11% of the total relative abundance within microbialites compared to just 2.7% for cyanobacteria. If cyanobacterial calcification at the top of microbialites was the sole factor in microbialite formation, we would expect to see active cyanobacterial populations at the microbialite surfaces and decreasing with depth. We do not observe this trend in microbialite samples from either bank. The discrepancy between phylogenetic abundances and activity of SRB and cyanobacteria suggests that in addition to cyanobacteria, SRB influence microbialite formation.
| Spatial variation in microbial diversity
Statistical analysis of sequencing and biomarker data reveal distinct differences between eastern and western samples. shown to influence rates of sulfate reduction and carbonate saturation state (e.g., Jin & Kirk, 2016) . Additionally, higher rates of sulfate reduction can hinder cyanobacterial populations through predation and sulfide production. In this dataset, sequence abundance classified as Cyanobacteria and Deltaproteobacteria is negatively correlated (r = −.06).
One key difference between eastern and western samples lies in lake morphology. On the western edge of LB, mangrove roots extend into the water of the lake and mineral agglomerations have formed on their roots under the same aqueous conditions as the microbialites.
Analysis of a mangrove root agglomeration sample (MRA) revealed that the geochemical composition and the microbial community profiles of the MRA and microbialites differ substantially. MRA hosts a more abundant and diverse community of Cyanobacteria as well as Rhizobiales, a nitrogen-fixing Alphaproteobacteria plant symbiont common in root nodules (Carvalho, Souza, Barcellos, Hungria, & Vasconcelos, 2010) . Comparatively high levels of polyunsaturated FAs known to be produced by eukaryotic algae and plants (Dunstan, Volkman, Barrett, Leroi, & Jeffrey, 1993) Distance from microbialite may influence biomass concentration in shelf sediment. In the west shelf sediment, if the microbial signal in LB1 A is heavily influenced by the microbialite microbial community as suggested by similarities in phylogenetic diversity and lipid composition to LB1 B and LB1 C, the similarity in biomass concentrations between these three samples could reflect proximity to source. Although LB1 E was collected closer to the lake's western edge and thereby closer to the mangrove forests, its phylogenetic diversity and lipid compositions do not reflect a mangrove input.
LB1 E is similar to the microbialites in both phylogenetic diversity and lipid compositions. Although it is farther from the sampled microbialite, it could be receiving biological inputs from other nearby microbialites.
The distribution of groundwater input into LB and the geochemistry of the emerging waters may account for the occurrence of the microbialites only in the southern portion of the lake and also our observed differences in microbial abundance and type be- impacting the west bank more directly (Figure 2 ). In addition to discharge from Cenote Xul-Ha at the southern terminus of the lake (Gischler et al., 2008 (Gischler et al., , 2011 , significant groundwater discharge is (Figure 1b) , may also discharge groundwater seasonally, or episodically, but that is yet to be assessed. Smaller distributed groundwater seeps are likely along the west bank, as these are common at geological contacts and breaks in slope (Fetter, 1994) , such as is the case in LB with the lake basin bounded to the west by the 30 m scarp.
Comparison of the LB water to the broader eastern Yucatan aquifer shows LB to be distinct for its near maximum sulfate concentrations, exceeded only by Lake Chichancanab (Figure 2b ).
However, this is also combined with low chloride (Figure 2c ) indicating that the lake basin is at least decoupled from the underlying marine intrusion (Perry et al., 2009) . LB may therefore be a particularly rich environment to stimulate microbialite growth with the diverse SRB populations, without inhibitions that may arise from marine influence.
Comparison of LB water broadly with other "fresh" microbialite sites is challenging. The single data point for LB nitrates, combined with transparent waters, places the lake as oligotrophic.
While Cuatro Cienegas has very similar sulfate concentrations of 1,100 mg/kg (Johannesson, Cortes, & Kilroy, 2004) , the abundant nitrate there is interpreted as being fundamental in the development of the microbialite community (Breitbart et al., 2009 ). In LB, we have postulated that the close association in the microbialites and mangrove may be due to this nutrient limitation. The waters in Alchichica have elevated sulfate (~75% of LB) and very high pH of 8.9 but are also saline at a quarter marine conductivity and oligomesotrophic . The growth of microbialites including through the coupling of organic carbon degradation with sulfate reduction is likely higher in waters naturally close or exceeding saturation. Perry et al. (2002 Perry et al. ( , 2009 (Table 3) .
Due to the high concentration of sulfate in the system as well as the presence of known sulfate-reducing Deltaproteobacteria, we speculate that sulfate reduction is influencing microbialite formation as much or more than cyanobacteria-meditated oxygenic photosynthesis. The seepage of carbonate-saturated, sulfate-rich water into the western edge of LB could be driving differences in microbial diversity between the east and west microbialites.
| CON CLUS IONS
The sulfate and carbonate-rich waters of Laguna Bacalar are seemingly well suited to microbialite formation, yet microbialites populate only the southern portion of the lake where groundwater discharges along the west bank are concentrated due to regional flow patterns and the clustering of cenotes. Slight spatial variations in temperature, pH, and potentially groundwater chemistry influence the energetic potential of different microbial metabolisms on opposing sides of the lake. In turn, the metabolisms of these microbes affect the saturation state of CaCO 3 . Specifically, tight biogeochemical coupling of SRB and cyanobacteria can promote carbonate precipitation and microbialite formation beyond abiotic carbonate precipitation rates.
While LB is to date the only location with documented microbialites on the Yucatan Peninsula, future searches may benefit from targeting locations influenced by gypsum saturated groundwaters, such as where shallow flow paths pass through Chicxulub impact ejecta.
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TA B L E 3 Saturation indices (SI) for sulfate and carbonate minerals in Laguna Chichancanab, and sites closely associated with Laguna Bacalar, which are the nearby Laguna Noh Bec and Cenote Azul on the west bank of Laguna Bacalar 
